INTRODUCTION
Nowadays, a well-known approach to compute the transient electromagnetic scattering by a perfectly conducting cylinder is to use an integral equation (IE) having either the electric field or the magnetic field as unknown (EFIE or MFIE, respectively), solved by the time-domain method of moments (TD-MoM). The free space two-dimensional Green's function is firstly used by Bennett and Weeks [1] to calculate the transient currents on conducting cylinders by a numerical solution of the time-domain magnetic field integral equation (TD-MFIE). The scattered field is obtained by the so-called marching-on-in-time method (MOT) at each space-time point. In [2] , an implicit solution approach was applied to transverse electric (TE) incidence onto two-dimensional conducting cylinders, both for EFIE and MFIE formulations. Although the solution technique was simple, accurate, and stable, two main drawbacks were observed, i.e., late-time instability and high computational complexity. The unintended late time growing oscillations are originated at the system discretization step in the conversion of the integral equation to a discrete time-space model [3] . Many techniques have been developed to solve the late-time instability [4] . A wise solution to significantly enhance the extent of the stable region and reduce numerical errors is to use analytical time derivatives and time convolution integrals arising in the TDIE [5, 6] . The choice of temporal basis functions (TBFs) for interpolation between discrete time samples is a key parameter for the convergence and stability of the MOT scheme to solve the TDIE formulation of transient electromagnetic scattering.
The purpose of this paper is investigation about the effect of various temporal basis functions on the convergence and late-time stability in TD-MoMs to solve the time-domain electric field integral equation (TD-EFIE) of a conducting cylinder illuminated by transverse magnetic (TM) incident Gaussian plane waves. The cylinder is presumed to have an arbitrary cross section and to be infinitely long. The twodimensional time-domain Green's function is used to develop the TD-EFIE in which the time convolution integral is calculated analytically to increase the accuracy and stability. Moreover, the logarithmic singularity in self-terms is dealt with analytically. Four TBFs such as rectangular, triangular, quadratic and cubic Lagrange are used. Then, the final matrix equation is solved by means of an explicit MOT procedure which leads to the space-time current distribution on the conducting two-dimensional cylinder.
The paper is organized as follows. In the next section, the problem and its related TD-EFIE are formulated. The TD-EFIE is solved by TD-MoM scheme. Then, used temporal basis functions are defined. Section III describes two approximate formulations for self-terms. Numerical results are presented in section IV, including a comparison with results from literature. This section also discusses the efficiency and convergence properties of the proposed algorithm. Finally, conclusions are given.
II. FORMULATION OF THE PROBLEM
The geometry of the cylindrical scattering problem, in free space (permittivity ε 0 , permeability μ 0 ), is shown in Fig. 1 . The infinite conducting cylinder is located parallel to the z-axis. C denotes the circumference of the cross section of the cylinder. a n represents an outward-directed unit vector normal to the contour C in each point. The tangential vector a τ is then obtained by a τ =a z ×a n . For TM polarization, the z-directed current is parallel to any bend or edge in the structure which may be discontinuous along the contour. The continuity of the tangential component of the total electric field on the conducting cylinder yields the EFIE
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All derivatives with respect to z are zero due to the fact that the current is only z-directed and does not vary with z. Therefore, (1) is simplified to:
R is the distance between the observation point ρ and the source point ρ'. The time-domain convolution is denoted by * and u(t) is the Heaviside step function. c 0 is the speed of light in free space.
Let the cylinder circumference C be subdivided into segments with length Δτ m , as shown in Fig. 2 . Note that the current may be discontinuous along the contour; therefore, the spatial expansion functions are restricted not to extend over more than one segment and also not to extend over any bend due to avoiding any numerical instability problems. Therefore, the spatial basis functions, f n (ρ), used here are rectangular. The temporal expansion functions should have the analytical time convolution integral due to using the proposed formulation. Also these basis functions should be casual to simply use in MOT algorithm. Here the rectangular, triangular, quadratic Lagrange and cubic Lagrange TBFs are used and defined as in (6a) to (6d), respectively [3] . Fig. 4 shows these temporal basis functions. 
In addition, the temporal basis function g i (t)-the temporal basis function at time iΔt is related to g 0 (t) by The current flow, J(ρ',t), is expressed in terms of two sets of basis functions as follows.
where i n I is the unknown real coefficient at a time t i for the nth segment. N s and N i are the number of spatial segments and the number of time steps, respectively, considered in the TD analysis. The inner product is defined as in (9) . By employing f m (ρ) as testing functions and point matching at time . Equations (10)-(12) form the following matrix equations from which the current distribution on the infinite conducting cylinder can be obtained The space-time current distribution is found using the explicit MOT scheme [7] . The time convolution in (12) are analytically calculated for the different TBFs using (6a)-(6d).
The spatial integral for far segments can be approximated by the product of the segment length Δτ m and the integrand in which R is replaced by R m,n as follows. ϕ , the integrand in (12) has a logarithmic singularity which should be calculated analytically. The singularity extraction is used to overcome this problem as described in the next section.
III. THE SINGULARITY EXTRACTION TECHNIQUE
As mentioned in the previous section, the integrand in (12) has a logarithmic singularity which can be extracted analytically. In this scheme, the singular parts are integrated with first and second order approximations as follows.
The main singular part of (12) when t=0 and m=n is given in (19).
In the first order approximation, that observation point (ρ m , φ m ), is located at the middle of segment Δτ m and the source point (ρ m , φ' ), is varied over it as shown in Fig. 5 . The distance between source and observation points, R, is given as:
By replacing R in (19) with (20) and using the approximation of sin(x)≈x for small arguments, the first order approximation of the singular part can be obtained as
In the second order approximation, the source point (ρ m , φ') and the observation point (ρ m , φ) both are varied over segment Δτ m . Then, by replacing R in (19) with (20), and expanding with 603.1 of [8] and using 610 of [8] , the second order approximation of the singular part is given as:
It is assumed that Δt < R min /c 0 due to providing a stable procedure based on the causality principle.
IV. NUMERICAL RESULTS
The proposed technique with four various TBFs viz. rectangular, triangular, quadratic and cubic Lagrange functions has been used for different cylinders illuminated by a TMpolarized Gaussian plane wave. In this section for an instance, a square cylinder with side width 1m is considered. The results obtained by the proposed technique are compared with those computed using the three-dimensional Green's function of free space in [9] . According to [4] , a stable numerical result can be obtained based on Courant's stability condition, i.e, . In this work, we choose Δt < R min / c 0 -the causality principle based on our numerical experience. All time convolutions are analytically calculated, however, both approximated and exact solutions are employed for spatial integrals. The exact solution is done by numerical integration using Legendre Gaussian Quadrature [10, 11] .
The square cylinder is illuminated by a Gaussian plane wave, given by Consider a square cylinder of side length 1m centered about the origin and divided into 36 uniform segments. The time steps for the proposed technique and the technique of [9] are 0.11 LM and 0.055 LM, respectively.
Firstly, the induced current at the center of the side of the square is depicted in Fig. 6 using the first order approximation. As it can be seen, by using rectangular and triangular TBFs the agreement is good in early time, however, late-time instability is observed. For both quadratic Lagrange and cubic Lagrange TBFs there are not any stable solutions.
Next, by employing the second order approximation for self-term spatial integrals, the current induced at the center of the side is shown in Fig 7. The agreement is quite good. But early-time instability is observed for Quadratic Lagrange TBF. For the case of Cubic Lagrange TBF the solution is not stable since the TBF support is not compact.
Finally, by the numerical calculation of the self-term spatial integrals using Legendre Gaussian Quadrature rule the computation error is significantly reduced. The induced current is depicted in Fig 8. As it can be observed, the stability region of the solution has been extended. In addition, the early-time response has good agreement for Cubic Lagrange TBF.
Although the numerical integration considerably influences on extending the stable region, especially for Quadratic and Cubic Lagrange TBFs, the computational complexity and simulation time are increased. Table 1 compares the computation time of the proposed technique using the different TBFs with [9] which used only the rectangular TBF. Note that the first order approximation is not stable more than 15LM for all TBFs. The computer used in this comparison has an AMD Phenom 8650 Triple-core Processor and 2 GB of RAM. The new technique is considerably faster. V. CONCLUSION In this paper, the effect of various temporal basis functions (TBFs) is investigated in TD-MoM approach to solve the TD-EFIE formulation of perfectly conducting cylinders illuminated by a TM-polarized Gaussian plane wave. The numerical results are compared with the results from the TD-MoM technique using 3D time-domain Green's function of free space [9] . There is limitation of choosing time step because of Courant stability condition [4] , however, only the causality principle is used in the proposed technique leading to the larger step size. The unintended growing late-time oscillations are originated from the error of space-time discretization. However, the remarkable efficiency of the proposed TD-MoM formulation arises mainly from the analytical calculation of the time convolution integrals and the spatial integrals appearing in the TD-EFIE. While the wide-support TBFs are used it is necessary to calculate the spatial integrals numerically resulting in extending the stable region which increases the computational complexity. Hence the proper temporal interpolators for TM case problems are those who spread over one or two time steps, viz. the rectangular and triangular TBFs. 
